The loss of previously established genes has been proposed as a major force in evolutionary change. While genome sequencing of many new species offers the opportunity to identify cases of gene loss, it is unclear which algorithms offer the greatest accuracy or sensitivity. A number of methods to identify gene losses rely on the presence of a pseudogene for each loss. If genes are deleted when lost, however, such methods will fail to identify these cases. As the fate of gene losses is still unclear, we identified gene losses through a method that does not require pseudogenes to identify human-specific gene losses. Of the several hundred probable gene losses initially identified, we were unable to find a single case of unambiguous gene loss via deletion. We were also able to identify a large number of previously unannotated genes in the human genome, some of which also had evidence for transcription. Though our results suggest that pseudogene-based methods for finding gene losses in humans will not miss many events, we discuss the dependence of these conclusions on the divergence times among the species considered. Supplementary Material is provided (see online Supplementary Material at www.liebertonline.com).
INTRODUCTION C
omparative genomic approaches to finding evolutionarily important genes have traditionally involved comparisons between orthologous protein-coding sequences. Such comparisons can identify rapidly evolving genes whose high rate of evolution may indicate the action of adaptive natural selection (Nielsen et al., 2005) . Recent extensions to this approach have further considered non-coding sequences and have uncovered several regions involved in human adaptation (Dermitzakis et al., 2002; Pollard et al., 2006) . The availability of high-quality genome sequences has allowed researchers to discover genes lost during evolution, where sequences are not necessarily shared between species. These changes may have also played important roles in adaptive evolution.
Gene loss is a ubiquitous phenomenon across all sequenced genomes, both eukaryotic and prokaryotic (Aravind et al., 2000; Roelofs and Van Haastert, 2001; Hughes and Friedman, 2004) . Gene loss generally refers to the loss of a functional gene present in a genome for at least several million years, rather than simply the creation of new pseudogenes by gene duplication. In humans, gene loss has been proposed to be an especially important source of adaptive change under the ''less is more'' hypothesis (Olson, 1999; Olson and Varki, 2003) . A number of well-studied examples of human-specific losses are known (reviewed in Kehrer-Sawatzki and Cooper, 2007) , including CMAH (Chou et al., 1998) , ELN (Szabo et al., 1999) , Siglec-13 (Angata et al., 2004) , and MYH16 (Stedman et al., 2004) .
In addition to these individual cases, several groups have conducted computational searches to identify human-or primate-specific gene losses via comparative genomics (IHGSC, 2004; Hahn and Lee, 2005; Wang et al., 2006; Zhu et al., 2007) . These searches have discovered 6 (IHGSC, 2004) , 9 (Hahn and Lee, 2005) , 67 (Wang et al., 2006) , and 3 (Zhu et al., 2007) gene losses specific to humans (i.e., since the split from chimpanzees). Though the methods introduced in these papers differ in their details, they have one important thing in common: they all initialize their search for gene losses using sequences currently present in the focal (i.e., human) genome. This means that they use either previously annotated pseudogenes (Wang et al., 2006) , annotate their own pseudogenes (Zhu et al., 2007) , or require there to be an EST for the pseudogene (Hahn and Lee, 2005) . In each case, a pseudogene is defined as a genomic feature in the focal genome with homology to a functional gene in the other species, but that has lost its ability to code for a protein. Any gene loss resulting from a complete or near-complete deletion of a gene, or any sequence that has been deleted since becoming a pseudogene is therefore missed.
It is currently unknown how many gene losses have gone undiscovered because of the limitations of these algorithms. There is a slight bias towards deletions in the human genome (Kvikstad et al., 2007) , which may result in the loss of many sequences no longer maintained by selection. Deletion bias is even stronger in Drosophila (Petrov and Hartl, 1999) , which may cause methods requiring pseudogene sequences to have extremely high false negative rates when searching for gene losses. We previously examined gene loss among 12 Drosophila genomes and found that a large number of gene losses were completely deleted from the D. melanogaster genome (Costello et al., 2008) . However, because of the differences in deletion biases, these results may not hold in humans. Therefore, to determine the extent to which algorithms dependent on pseudogenes may miss gene losses, we conducted an extensive analysis of apparent losses in the human genome. We were able to identify a number of human-specific gene losses, all of which we found present as pseudogenes. Our results therefore suggest that alternative algorithms may not be needed to uncover the full extent of recent gene loss.
DATA

Mammalian genomes
Exon sequences were acquired for all protein-coding genes in human, chimpanzee, orangutan, Rhesus macaque, mouse, rat, and dog from Ensembl v49 (Flicek et al., 2008) . The genome assemblies corresponding to these genomes are as follows: NCBI36 for human, CHIMP2.1 for chimpanzee, PPYG2 for Orangutan, MMUL1 for macaque, NCBIm37 for mouse, RGSC3.4 for rat, and CanFam2.0 for dog. For each gene, any overlapping exon sequences from alternative transcripts were merged, and exons were then concatenated. When UTR sequences were available for the 5 0 -and 3 0 -most exons of the gene, they were removed from the concatenated sequences, resulting in the full set of protein-coding DNA for each annotated gene. In cases where multiple UTRs were present for the same exon, only the smallest UTR sequence was removed (i.e., sequence that was protein-coding in any transcript was included).
Defining gene families
Gene families were defined using the MCL clustering algorithm (Enright et al., 2002) . Each of the concatenated exonic sequences constituting a single gene from all genomes (150,127 genes total) were BLASTed against every other gene in all species (BLASTn). A weighted undirected graph was then created, where genes are represented as nodes. Gene pairs where the average BLAST E-values were 10 À2 were connected by an edge, with the weight of the edge equal to the negative log of their average E-value. MCL was then run on this graph using an inflation parameter of 2.3 ; this resulted in 25,777 gene families. As discussed in Section 3.2, this method of defining gene families is somewhat errorprone: the gene families identified are sensitive to changes in the inflation parameter . However, manual verification of all gene losses detected (also discussed in Section 3.2) ensured that our final set of losses contained no false positives. Families with members only in primates, only in rodents, or 1420 SCHRIDER ET AL.
only in dog were then removed from the set of gene families to avoid the problem of inferring ancestral states for families that are not as old as the ancestor of all the mammals considered here. This left 15,960 mammalian gene families in our analysis.
RESULTS
Identifying human-specific gene losses
We initially identified potential gene losses along the lineage leading to humans since the split with chimpanzees ( Fig. 1 ) by using the gene families defined by MCL as input into the program CAFE . CAFE uses a birth-death stochastic process to infer the most likely number of genes present in the ancestral nodes of the species tree for each family . Families for which both the chimpanzee-human most recent common ancestor (MRCA) and the chimpanzee genome were inferred to have more genes than the number of human genes in the family were inferred to have human-specific gene losses. Because annotated human pseudogenes were not included in the input to MCL, this method calls genes as absent whether or not a pseudogene can be found. For each family, the difference between the number of genes inferred to be present in the chimpanzee-human MRCA and the number of genes in human was taken as the number of human-specific gene losses. In total, we inferred a total of 234 losses in 210 gene families. For the following analyses, we only consider those families with fewer than 10 members in humans, as it was too difficult to unambiguously verify inferred losses in families this large. In total, there were only 4 cases of inferred genes losses found in families of greater than 10 members and exclusion of these cases did not affect the conclusions of our analyis.
For each family determined to have at least one human-specific loss by CAFE, a representative gene was chosen to search the human genome for similar genes that may have been missed by the Ensembl genecalling process and therefore omitted from our gene set. These query genes were chosen by calculating, for each gene, the average E-value (using BLASTn) for each gene against all other genes in the family. The concatenated coding sequence of the gene with the lowest average E-value was then used to search the human genome. In all subsequent analyses this gene was used as the exemplar gene model for the family.
As a first step in confirming gene losses along the human lineage, the coding sequences of the 210 query genes were used to search against the human genome assembly using BLASTn. To ensure that all genes similar to the query gene were detected, all hits with E-values below the relatively high threshold of 10
À6
were recorded (with sequences too dissimilar from the query gene filtered out as described in the last paragraph of this section). Overlapping hits were then merged. To prevent exons from being counted as individual genes (and then later filtered out for being too short), hits within 500 kilobases (kb) of one another were merged. (This relatively high distance threshold allows for the possibility that tandem duplicates would be collapsed. However, any spurious losses detected due to this error would be corrected by the manual verification described in the next section.) Of the starting 210 query sequences, all of them have hits to the human genome meeting our BLAST criteria (Fig. 2 ). This result is in stark contrast to previous FIG. 1. Phylogeny of mammal species included in the analysis. Branch lengths approximate current estimates of divergence times. Human-specific gene losses (occurring after the human-chimpanzee split) were identified in this analysis.
analyses from Drosophila, where homologs of almost half of all the genes lost did not hit the D. melanogaster genome using the same BLAST thresholds (Costello et al., 2008) . Possible reasons for this difference are enumerated in the Discussion.
As the human genome is many times larger than any of the 12 sequenced Drosophila genomes (3500 megabases vs. *150 megabases) and is filled with repetitive elements, the fact that there are weak BLAST hits for all of the query genes does not necessarily mean that none have been completely deleted. In addition-and unlike in our previous analysis of Drosophila-we have included families that have lost individual genes but may still have some representatives present in the genome (e.g., families that have contracted from two copies to one copy); query genes from these families will always hit their remaining paralogs. Therefore, to determine whether these hits represent previously known homologs, previously unknown and unannotated genes, pseudogenes, or are simply spurious similarities, we conducted further analyses. We ran GeneWise (Birney et al., 2004) to determine if the regions identified by BLAST could be translated into peptides similar to those coded for by the query gene. GeneWise was run on all merged blast hits with an additional 2 kb added upstream and downstream of the identified genomic region. For each GeneWise run, the Ensembl peptide sequence of the query gene was used as the template peptide. (In cases where the query genes had multiple ENSEMBL peptides due to alternative splicing, GeneWise was run once with each Ensembl peptide.) The pseudo option was used to filter out genes with internal stop codons and=or frameshifts relative to the peptide template. These filtered GeneWise predicted genes were then labeled as pseudogenes. The results from this analysis constitute the first major division within the candidate gene losses.
The output from GeneWise was filtered to remove sequences not likely to be genes, genes apparently dissimilar to the query gene, and redundant genes. This was done using ClustalW (Thompson et al., 1994) to construct pairwise alignments between each peptide associated with the Ensembl query gene and the peptide predicted by GeneWise. The gene predicted by GeneWise was categorized as a potential protein- 
FIG. 2.
Tree representing the analysis and verification of gene losses identified by CAFE. This flowchart illustrates the steps taken to detect and verify human-specific gene losses. In this figure, ''GP genes'' refer to protein coding genes predicted by GeneWise.
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coding gene in the query gene's family if its predicted peptide was at least half the length of, and had at least 30% identity with, any of the Ensembl peptides translated from the query gene. If the GeneWise predicted gene's peptide sequence was too short relative to all peptides from the query gene, or was labeled a pseudogene by GeneWise, it was recorded as a pseudogene. Genes predicted by GeneWise that were long enough but too dissimilar to the query gene were ignored. Each potential gene was also compared to the release 33 list of annotated human pseudogenes from www.pseudogene.org (Karro et al., 2007) . Any GeneWise predicted genes overlapping an entry in this database were categorized as a pseudogene. Of the starting 210 query genes, potential genes in the human genome were identified for 194. The remaining 16 gene families had a predicted pseudogene loss or no gene=pseudogene was predicted (Fig. 2) .
Query genes with a potential homolog in the human genome
For the 194 query genes with a potential homolog predicted by GeneWise, we first checked whether the predicted peptide represented a known Ensembl gene included in our dataset. If the predicted gene matched a known Ensembl gene in the same family as the query (e.g., the one remaining human gene in a family that contracted from two copies to one copy), this hit was ignored as it does not account for any losses. However, some genes predicted by GeneWise match known Ensembl genes in other families, which may represent either ancient paralogs or a misclustering of genes into families by MCL. To examine possible misclustering of genes, we asked whether these known genes were in families that had more human than chimpanzee members-in these cases the apparent loss in one family is most likely explained by a gain in the other family. We found that in 18 cases genes were initially called as losses due to gene family misclustering, and therefore do not represent true losses (Fig. 2) . Our previous analysis of Drosophila genomes revealed only 1 apparent loss due to misclustering (Costello et al., 2008) , though a different method was used to group genes into families. These results therefore indicate that the previously used method-Fuzzy Reciprocal BLAST-may be a more accurate way of constructing gene family relationships than the MCL clustering method.
All other genes predicted by GeneWise that were categorized as potential genes and did not hit a known Ensembl gene were then compared to all known UCSC genes from the hg18 human genome release from the UCSC genome browser (Karolchik et al., 2004) . A GeneWise predicted gene matching an UCSC annotated gene was considered to be a previously known gene not annotated in Ensembl v49; therefore, losses inferred in families of genes similar to these genes are not actual losses (Fig. 2) . The remaining GeneWise genes are suggestive of either pseudogenes or missed annotations (i.e., new genes not included in the Ensembl v49 or UCSC version hg18 annotation of the human genome). To test whether the genes predicted by GeneWise have evidence for transcription we used them to search against dbEST (Boguski et al., 1993) using BLASTn. For each gene that hit an EST, the sequence of the best hit was then acquired from GenBank and BLASTed back against the human genome. Each GeneWise gene that was the reciprocal best hit of an EST was categorized as a new gene with evidence for transcription; there were 65 predicted genes in this category. All 198 remaining GeneWise genes may represent either new genes without evidence for transcription or pseudogenes without obvious coding-region alterations but that nonetheless no longer function. As dbEST contains over 8 million ESTs from humans, it seems unlikely that the remaining open reading frames are truly functional genes. Therefore, these genes were treated as pseudogenes for the remainder of our analysis.
The new (non-Ensembl) genes found in the preceding analyses still do not account for all the losses in families with multiple human-specific losses. Therefore, for each gene family initially considered to have lost a gene, the number of non-Ensembl genes (with EST evidence or present in the UCSC hg18 annotation) was subtracted from the inferred number of human-specific losses in the family. Any family in which there was still a difference between the inferred chimp-human ancestral family size and the updated human family size was considered to have a loss by either deletion or inactivation, and were examined further along with those families that had no predicted genes by GeneWise.
Query genes that do not have a predicted homolog in the human genome
For 16 gene families, GeneWise did not predict a peptide at least half as long or at least 30% similar to the query sequence, and for 116 more families, at least one human-specific loss remained even after adding the GeneWise-predicted genes to the family (top-right of Fig. 2 ). To determine whether these cases represent pseudogenes still present in the genome or complete gene losses via deletion-or are simply annotation errors-we further examined the results provided by GeneWise and conducted manual comparisons of genome alignments between the human and chimpanzee genomes.
Of the genes predicted by GeneWise using the 210 query genes as templates, 1348 were called as pseudogenes by GeneWise. Adding these instances to the pseudogenes found by comparison to pseudogene.org, cases for which GeneWise called a peptide that was <50% the length of the query gene, and genes predicted by GeneWise absent from the UCSC and Ensembl databases and lacking evidence of transcription, there were 92 total losses in 89 families apparently represented by a pseudogene (Fig. 2) . (This was determined by subtracting the number of remaining losses for each family by the number of pseudogenes found for that family.) Note that since some families had more pseudogenes found than they had losses inferred by CAFE, many pseudogenes found did not account for gene losses. The excess pseudogenes may be ''dead on arrival'' duplications. We manually examined these pseudogenes and their orthologous sequence in the chimpanzee using an updated version of the Ensembl database (v52). We found that many of the chimpanzee protein-coding genes initially called as functional in earlier annotations had either been ''retired'' in v52 (i.e., they were removed from the gene set) or were clearly misidentified as protein-coding genes in v49 of Ensembl (e.g., genes with a 1-bp intron: ENSPTRG00000024286). In total, we were only able to confirm 5 of these pseudogenes as representing true human-specific losses (see Discussion).
For the remaining 47 losses in 43 families, no pseudogene or remnant of a protein-coding gene was found by GeneWise; these cases could therefore represent gene loss via deletion. In order to confirm that these were deletions, we again manually examined an alignment of the orthologous regions between the human and chimpanzee genomes. We found that none of these apparent losses were due to deletion, and in fact, none represent losses at all. The most common cause of our misidentification was due to a human gene that was split into two separate genes in the chimpanzee annotation (and in many other mammals). Both of these chimp genes would cluster with the single human gene, but of course no pseudogene would ever be found to account for this apparent ''loss.'' It is also possible that the human gene is an incorrect fusion of two distinct genes, though in either case there is no human-specific loss of a gene. In summary, we did not find a single gene loss in humans that occurred via deletion of the entire ancestral copy.
DISCUSSION
Identifying cases where previously functional genes maintained by natural selection are lost is one of the novel and important challenges posed by comparative genomics. Though a large number of pseudogenes have been identified in many genomes (Harrison et al., 2005) , the vast majority of pseudogenes identified are duplicated genes that were never maintained by selection. A number of new methods have been used to find true gene losses, but they require the remnants of lost genes to be identified in the target genome (IHGSC, 2004; Hahn and Lee, 2005; Wang et al., 2006; Zhu et al., 2007) . Alternatively, true gene losses can be found by identifying genes in other species that do not have significant similarity to annotated genes in the target genome . Though this clustering method does not require the presence of pseudogenes, it may misidentify gene losses when genes present in the target genome are not clustered with their homologous genes. Additionally, this method can be used to detect any pseudogene with an orthologous functional gene, regardless of whether or not they have a functional paralog. Such genes may not be detected by within-genome searches for pseudogenes paralogous to functional genes (Zheng et al., 2007) .
Here we have used this clustering method to determine whether any human-specific gene losses would be missed by methods that require the presence of a pseudogene. Briefly, we obtained exon sequences (excluding UTRs) for protein-coding genes in seven mammalian species, clustered them into families using MCL, and inferred human-specific gene losses via CAFE (Fig. 2) . We then verified losses by searching for un-annotated genes similar to those in gene families inferred to have lost members, and verified all losses remaining after this step by examining genomic alignments. Note that because we did not examine gene losses in large families (>10 paralogs) or in families restricted only to other primate species, these do not represent the full set of losses that have occurred along this lineage (but see below). It does mean, however, that we are unambiguously able to assign a mechanism of loss to each case.
Of the 234 candidate gene losses we originally identified, only 6 appear to be unambiguous gene losses (by pseudogenization) along the lineage leading to modern humans (Table S1 ) (see online Supplementary   1424 SCHRIDER ET AL.
Material at www.liebertonline.com). For 51 of the candidate gene losses we were able to identify a human gene annotated in the UCSC genome database, and for another 55 cases we predicted a new human gene based on both gene structure and the presence of ESTs for the gene. A further 18 of these losses were simply due to the misclustering of genes into families by MCL. Finally, a large number of candidates that are not losses are instead errors in the Ensembl annotation of either the human or chimpanzee genomes. These annotation errors occur for a variety of reasons; namely, short open-reading frames in chimpanzee that have subsequently become unannotated or are clearly not genes (because they have 1-bp introns), or single genes that are annoated as being split apart in chimpanzee and other mammals (or fused in humans). The small number of losses found using these methods was surprising, as previous analyses had counted either 86 or 80 (Wang et al., 2006) human-specific gene losses. Though 8 losses inferred by CAFE in 4 large gene families were not considered here, we noticed that our results did not include many known pseudogenes in humans. To check our results, we first compared our human-specific gene losses against cases of well-known, experimentally verified losses. It appears that many of these known pseudogenes were mistakenly annotated as protein-coding genes in Ensembl v49 (Table S1 ) (see online Supplementary Material at www.liebertonline.com). For instance, the human-specific loss of MYH16 has been associated with major structural changes to human cranial morphology (Stedman et al., 2004) . However, it was annotated as a protein-coding gene in Ensembl v49, which was the source of our gene set. The word ''pseudogene'' was subsequently added to the gene description in v51 (November 2008), though it was still considered a ''known protein coding gene, '' and in v52 Ensembl (December 2008) it was annotated as a ''known pseudogene.'' The MYH16 pseudogene has an inactivating frameshift mutation in exon 18. Since a large ORF still remains (>600 amino acids), it is not surprising that automated methods like GeneWise misclassified such cases as functional genes. Similarly, some of our predicted functional genes may also in fact be pseudogenes, as we have only required that a gene be at least 50% the length of its homolog to be considered functional. These cases may explain at least some of the discrepancy between our results and previous results on the absolute number of human-specific losses. In order to further incorporate updated annotations of the human genome, we compiled a list of protein-coding genes that were retired from the Ensembl annotation between versions 49 and 52, and where the chimpanzee homolog(s) was not retired (so that they represent human-specific losses). This analysis provided an additional 22 gene losses in humans, all of which were present as pseudogenes.
Our analyses revealed no examples of human genes that were lost via complete deletion of the proteincoding sequence. All losses either had nearly full-length pseudogenes or large, identifiable pieces present in the human genome. Even for a loss that was previously described-informally-as a deletion, we were able to find a significant portion of the remaining pseudogene. The lost gene, Siglec-13, has been called a ''gene deletion'' by Angata et al. (2004) , but by aligning the chimpanzee gene to the human genome we were able to find remnants of all but the final exon. We were surprised by the complete absence of full gene deletions for a number of reasons. First, our analyses in Drosophila had previously revealed that a large proportion of gene losses were due to deletions (Costello et al., 2008) . While there are several important differences between the two studies, we expected to identify at least a small number of deleted genes. Second, most molecular mechanisms responsible for the duplication of genes also result in the deletion of genes. Any unequal crossing-over event between tandemly arranged sequences or non-allelic homologous recombination event between dispersed sequences will result in both a chromosome with one extra sequence element (i.e., a duplication) and a chromosome with one fewer (i.e., a deletion). Only duplication via retrotransposition does not also produce an allele with a deleted gene. As there are hundreds of humanspecific gene duplications it is reasonable to expect a commensurate number of deletions. Our results instead indicate that there may be strong selection against the fixation of alleles containing completely deleted genes.
Our results do come with several caveats. First, we have not accounted for the mechanisms of gene loss in very large gene families because of the difficulty involved in assigning specific causes to each loss event. It is possible that some losses in these families are due to complete deletions, though we know of no reason why it should be more common in families with more than 10 members. Second, we did not include primate-specific families in our analyses, and it is possible that human-specific losses in these families (i.e., families with genes present only in chimpanzee, orangutan, and Rhesus macaque) were caused by deletions. However, further analyses of the four human-specific losses we found in these families revealed pseudogenes present for each one (data not shown). Finally, it is formally possible that even losses for which we were able to find a pseudogene were actually losses due to deletions. This scenario could come about if the pseudogene we have identified in the human genome had been produced shortly before the original gene was completely deleted. In the unlikely case that this scenario occurred, we would have accounted for the loss with the pseudogene.
Our results suggest that pseudogene-based methods for identifying gene losses will be successful because few to no genes are lost via deletion. However, this conclusion masks a more complicated result. In the recent article by Zhu et al. (2007) , the authors state that, ''gene loss normally leaves behind a pseudogene.'' Motivated to determine the accuracy of this statement, we have examined the pattern of gene loss in the human genome. While our results support this claim, they do not specify for how long the pseudogene will remain in the genome. In other words, most of these losses may indeed have left behind a pseudogene, but over time these pseudogenes may be degraded beyond recognition. So while a comparison of the human and chimpanzee genomes can depend on finding pseudogenes for all losses, it is not clear that a humanmouse comparison would be as reliable.
This result raises the issue of the timeframe over which pseudogene-based methods can be used. It is obvious that pseudogene-based methods cannot be used beyond the limits of our ability to identify the homologs of pseudogenes, and it may simply be that they are inappropriate or less useful in rapidly evolving lineages or over long timescales. Our previous analyses of gene loss along the lineage leading to D. melanogaster revealed many lost genes that had been completely deleted (Costello et al., 2008) , but most of these genes had been lost many millions of years ago. Only one gene was completely deleted between the sister species D. melanogaster and D. simulans (Costello et al., 2008) , which split 2-5 million years ago (Clark et al., 2007) . This implies that the results from humans and Drosophila are quite comparable given the appropriate divergence time, as there is little evidence for the complete deletion of a gene as the causal mutation in gene loss. It is only over longer periods of time that pseudogenes accumulate either point mutations or deletions that make them unidentifiable. Future studies aiming to identify lineagespecific gene losses should take the divergence times between species into account, as pseudogene-based methods are likely only accurate for detecting relatively recent losses, while family-based methods can be used to detect more ancient losses.
